The generalization of coupled cluster ͑CC͒ theory is far from being a standard method to account for correlation effects of ubiquitous open-shell systems. This dilemma is largely due to three problems. The first concerns the incorporation of multiple reference ''guess'' wave functions into nonvariational theories. Next is the size-extensivity issue. Finally, and perhaps most importantly is the notorious intruder state problem. Brillouin-Wigner ͑BW͒ and generalized Brillouin-Wigner ͑gBW͒ perturbation theories are used to aid in the development of new Fock-space coupled cluster theories in an attempt to alleviate some of these problems. Bloch equations are derived which can be used to formulate BWCC and gBWCC theories of arbitrary dimension in all sectors of Fock space. Since this is our first study of Brillouin-Wigner coupled cluster theories in Fock space we have chosen to keep our approach very simple. Explicit effective Hamiltonian and amplitude equations for up to two-body S-amplitudes in the ͑0,1͒ and ͑1,0͒ sectors are given for the single reference case. Aspects concerning the connectivity of the amplitude equations are addressed.
I. INTRODUCTION
Almost half a century after the introduction of the exponential cluster expansion for the N-fermion correlation problem, the multireference generalization of coupled cluster theory has not been fully established. [1] [2] [3] [4] It is the success of single reference coupled cluster theory which motivates intense research toward a scheme for multireference problems, such as open-shell singlets and states describing geometries far from equilibrium. [5] [6] [7] [8] [9] A number of case-dependent approaches have been formulated over the past decades.
Fock-space ͑FS͒ methods have traditionally been used to treat problems with varying numbers of electrons. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Hilbert-space ͑HS͒ methods, which leave the number of electrons unchanged, are used more for describing whole sections of potential energy surfaces. [25] [26] [27] [28] [29] [30] [31] [32] [33] Finally state-selective approaches, which are basically single reference in nature, treat one state at a time and incorporate various multireference features. 34 -41 The beauty of the body of work in this field is undeniable in its mathematical rigor and thoroughness. The reason, however, why the approaches to multireference coupled cluster theory are so diverse is due to the nonuniqueness of an exponentially based wave operator. Each approach has its advantages, but there are some cases which will necessarily cause a breakdown for all. The principle problems encountered include the size-extensivity issue, a fully general ability to incorporate an arbitrary N-particle basis and of course intruder states. 8, 9, 42 Variational theories, such as limited configuration interaction ͑CI͒, are flexible enough for extension to the multireference regime; however, they may yield energies a great deal higher than expected due to the nonvanishing contribution of unlinked disconnected terms to the wave function. While most wave operators constructed with a cluster ansatz may preserve size-extensivity, inclusion of any number of reference configurations or configuration state functions is cumbersome. This is particularly true for Hilbert-space theories.
Perhaps the most divisive issue stems from the intruder state problem. These unphysical states are an artifact of complex linear algebra and usually cause a complete breakdown in the convergence of amplitude equations and effective Hamiltonian diagonalization. Any kind of non-Hermitian nonvariational effective Hamiltonian theory can encounter intruders. In fact the only theory of electronic structure capable of tackling any atomic or molecular problem with rigorous quantum mechanics is full CI. Keeping the abovementioned facts in mind we ask whether or not molecular quantum mechanics can attack problems on a united front ͑i.e., size-extensively and generally͒ and computationally scale better than full CI. Can such a theory be conceptually simple?
The main goal of this paper is to derive a set of Bloch equations sufficient to formulate size-extensive Fock-space coupled cluster theories employing the Brillouin-Wigner ͑BW͒ and generalized Brillouin-Wigner ͑gBW͒ resolvents. [43] [44] [45] [46] [47] Extensive studies performed in recent years reestablished the BW perturbation theory as a ''true'' manybody method. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Subsequently single reference BW coupled cluster ͑BWCC͒ theory was proven to be fully equivalent to the standard Rayleigh-Schrödinger ͑RS͒ coupled cluster theory. 55 State-specific ͑single-root͒ multireference formulation of BWCC theory, which employed the Jeziorski-Monkhorst ansatz, has turned out to be a very powerful, yet still formally simple technique. 25, 48 Most importantly, this approach is intruder free for its most general form. On the other hand, it is not size-extensive, and an a posteriori correction must be made.
We proceed in a conventional way of derivation through the wave operator formulation to obtain explicit forms for the effective Hamiltonian and amplitude equations for the ͑0,1͒ and ͑1,0͒ sectors of Fock space. Excitation rank up to two-body replacement operators ͑singles and doubles͒ is presented in this study. In order to keep our first Fock-space Brillouin-Wigner theory simple, we restrict the model space to be one dimensional ͑single reference͒ in the derivation of explicit amplitude equations. Finally, the size-extensivity of the amplitude equations are examined.
II. THEORETICAL APPROACH

A. Preliminaries and notation
Let us begin with the time independent Fock-space Schrödinger equation
where ͉⌿(m,n)͘ is a collection ͑vector͒ of some exact eigenvectors belonging to Ĥ , and E(m,n) are the corresponding exact eigenvalues. The (m,n) ordered pair indicates the number of m particles and n holes to be annihilated. ͓Other authors put (m,n) as a superscript.͔ We choose to work within the effective Hamiltonian framework of Bloch using determinants for simplicity. 44 The Fock space F(m,n) on which the Hamiltonian acts may be decomposed as
The symbol M ø (m,n) is called the model space and contains determinants, ͉⌽ (m,n)͘, which dominate the ͑exact͒ ground and first few excited states of the (m,n) sector.
Any vector space of one-electron orbitals may be chosen as the basis for the Fock space. One-electron spin orbitals are labeled according to the scheme I, J, Kcore ͑cor), T, U, Vvalence holes ͑valh) W, X, Y valence particles ͑valp) and A, B, Cvirtual ͑vir), P, Q, R, Sany, Ṗ , Q , Ṙ , Ṡ corഫvalh and P , Q , R , S valhഫvir. Lower case usage of the above-given scheme indicates spatial orbitals. The cor orbitals are occupied by electrons in the particle-hole vacuum ͑Fermi sea͒, ͉⌽ 0 (0,0)͘ϭ͉⌽ 0 ͘ which well describes a closed-shell or high-spin open-shell system. Implicitly we
lence orbitals may be occupied ͑valh͒ or unoccupied ͑valp͒ within the determinants contained in M ø (m,n). Together the valence hole and particle orbitals are called active orbitals.
Virtual orbitals are unoccupied in ͉⌽ 0 ͘ and all determinants of M ø (m,n). If more letters are required for a particular orbital set, the originals are canonically indexed by the Z ϩ . The elementary second quantized operators are labeled as
Likewise for the M ø Ќ (m,n) space, the projectors are labeled
with
Note that the resolution of the identity demands
Application of P (m,n) to the exact eigenvectors gives 
B. Effective Hamiltonian
Let us again begin with the Schrödinger equation
with Ĥ ø defined as a suitable model Hamiltonian and Ĥ Ј the perturbation. We now define a wave operator ͑the wave operator is restricted to act only within M ø ) ⍀ , which transforms model space eigenvectors into exact states
According to the Brillouin-Wigner perturbation expansion, ͉⌿(m,n)͘ may be expanded as 45,46,56 -60 
The operator Ô ϭÔ BW is a resolvent (B ) acting on the per-
͑15͒
Löwdin has demonstrated that Ô may also be written as a more general resolvent, Ô gBW ϭĜ acting on the full Hamiltonian
͑16͒
Resolvents of this type help eliminate the intruder state problem which occurs in nonvariational solution schemes for the Schrödinger equation. These states, which hinder or destroy convergence to the wave function, manifest themselves when branch point singularities exist within the unit circle of the complex plane for the function
zC. ͑17͒
When B (m,n) is used to construct a perturbation or coupled cluster theory, no branch point singularities will occur within the unit circle for the lowest energy ͑ground state or gs͒ solution for sector (m,n) when using canonical Hartree-Fock orbitals. This is due to the fact that the Hartree-Fock energy, E q (m,n),
will never cross the exact energy
If Ĝ (m,n) is used to construct a perturbation or coupled cluster theory, no branch point singularities can occur within the unit circle for any energy solution in the sector (m,n),
since there are no troublesome denominators. However, branch point singularities may be arbitrarily close to the outer edge, r, of the unit circle
thereby hindering convergence. In this case Padé resummation and denominator shifting techniques may be used.
62
Using Eq. ͑13͒ with the Schrödinger equation gives
One way to represent the wave operator is through a normal ordered exponential expansion of cluster operators. 63 With this parametrization one can obtain a so-called valence universal coupled cluster theory.
The full cluster operator is split into two parts, T and Ŝ . Cluster operators constructed only of particle-hole creation operators are designated T and are the same as those used in closed and high-spin open-shell coupled cluster theory. 3, 4 The Ŝ cluster operators contain one or more particle-hole annihilation operators. Products of cluster operators within the Maclaurin expansion of the exponential ansatz are taken to be in normal order. These normal ordered products prevent contractions between Ŝ operators and therefore greatly reduce the number of terms produced from the generalized Wick theorem. 63, 64 Thus the normal ordered wave operator is given as
Substitution of Eq. ͑23͒ into Eq. ͑22͒ followed by left multiplication of ⍀ C Ϫ1 ϭe ϪT yields
Employing the canonical similarity transformed Hamiltonian
Eq. ͑24͒ is written as
͑26͒
Wick's theorem may be used to write H C in normal product form
͑27͒
The leading term in Eq. ͑27͒ is the ͑Fermi͒ vacuum coupled cluster energy ͗⌽ 0 ͉H C ͉⌽ 0 ͘ϭE͑0,0͒ϭE 0 .
͑28͒
Note that a Bloch effective Hamiltonian may be derived us- 
͑32͒
C. Amplitude equations
Lippmann-Schwinger-type equations
Next we point out an analogy with scattering theory. To begin, consideration of Eq. ͑14͒ lets us show E(m,n) is equivalent to
͑33͒
With Ô ϭÔ BW and Ĥ ϭĤ ø ϩĤ Ј, Eq. ͑33͒ becomes 
Bloch equations
Considering intermediate normalization, left projection
of Eq. ͑22͒ by ͗⌿ ø (m,n)͉ yields
͑37͒
Realizing Eq. ͑37͒ is equivalent to Eq. ͑34͒ allows us to say
͑38͒
Therefore the Fock-space reaction operator in BrillouinWigner form is also given as
͑39͒
Substitution of Eq. ͑39͒ into Eq. ͑35͒ gives Ĥ Ј⍀ ϭĤ ЈϩĤ ЈB ͑ m,n ͒Ĥ Ј⍀ .
͑40͒
Thus the Fock-space Brillouin-Wigner Bloch equation suitable for computation of S-amplitudes for a set of fixed Tamplitudes ͑T-amplitudes are buried within H C matrix elements͒ is
Through an analogous procedure, the Fock-space generalized Brillouin-Wigner Bloch equation may be derived using ⌼ G , and amplitude equations appropriate to the sector of Fock space under consideration. Operator fragments required for any Fock-space Brillouin-Wigner coupled cluster theory with single and double excitations ͑FS BWCCSD͒ for the above-given model spaces are depicted in Fig. 1 ͑Hugenholtz formalism͒. The ͗⌽ q (m,n)͉ must be restricted to span only up to the two-body ͑dual͒ subspace of the whole complimentary space, M ø Ќ (m,n) so that the number of unknown S-amplitudes is equal to the number of amplitude equations. We shall only derive amplitude equations for the generalized Brillouin-Wigner scheme in this paper.
To begin, Eq. ͑42͒ is projected onto the model and complimentary spaces for the appropriate sector
Simplifying and multiplying throughout by e ϪT , Eq. ͑43͒ becomes
͑44͒
For this study the model space is restricted to be one dimensional,
In other words, we shall derive single reference FS BWCCSD for the ͑0,1͒ and ͑1,0͒ sectors. The ͑0,0͒ sector is standard single reference CC theory. An electron in a representative orbital T will be removed in the ͑0,1͒ sector, while for the ͑1,0͒ sector an electron will be added to representative orbital W. The amplitude equations for the ͑0,1͒ sector are expressed generally as
͑46͒
The Ŝ operator has been restricted to one and two-body parts. The same is true ͑implicitly͒ for the core cluster operator, e T , within H C . E T (0,1) represents the energy of a state within the FS gBWCCSD approximation, where an electron in valence orbital T has been removed from the Hartree-Fock vacuum. With the above-mentioned considerations in mind, Eq. ͑46͒ can be cast into a more concrete form using spin orbital notation instead of determinant notation. The S 1 amplitude equation is then
The S 2 equation becomes
The spin orbital notation may be clarified by noting that the ground state coupled cluster amplitude equations in determinant notation,
are written in spin orbital notation as
The generalized Wick theorem is applied to the operator products generated by Eqs. ͑47͒ and ͑48͒. 64 The zero-, one-, and two-body parts of H C required for the amplitude equations are depicted in Fig. 2 . The only three-body H C operator required is also shown in Fig. 2 with directed fermion lines. The diagrammatic expression for the ͑0,1͒ sector effective Hamiltonian,
͑51͒
is shown in Fig. 3 . Parts a-e are to be added together to give the state energy. Since the model space is one dimensional, T and U are the same orbital and (H C eff ) TU immediately reduces to the energy E T (0,1). ͓More generally speaking
exact since T and Ŝ have been truncated.͔ Figure 4 depicts the diagrammatic expression for the right-hand side of the S 1 amplitude equation ͓Eq. ͑47͔͒ with parts a-e to be summed. The right-hand side of the S 2 amplitude equation ͓Eq. ͑48͔͒ is shown in Fig. 5 with parts a-i to be summed. Equations for the ͑1,0͒ sector are obtained by reversing the direction of all the arrowheads on the diagrams accompanied by appropriate relabeling of particle and hole indices. Fock-space BWCC and gBWCC amplitude equations do not contain the so-called renormalization terms, unlike standard versions of Rayleigh-Schrödinger FS CC. This is due to the fact that we have used a Brillouin-Wigner expansion for the wave operator as opposed to a Rayleigh-Schrödinger expansion. However, with use of Brillouin-Wigner expansions comes the introduction of disconnected terms, as may be seen in Figs. 4 ͑part a͒ and 5 ͑parts a and d͒. Connectivity properties of the amplitude equations will be discussed in the following.
Note that the S 1 and S 2 equations are written in terms of H C matrix elements instead of the usual F N , V N , and T matrix elements. There are many ''in house'' quantum chemical computer codes which are capable of computing and storing one-and two-body H C matrix elements, such as ACES II and PSI 3.0. 67, 68 Stanton and Bartlett have published computationally efficient formulas for these terms as well. 69 Table I lists the number of component diagrams ͑by component diagrams, we mean diagrams written explicitly in terms of F N , V N , T , and Ŝ operators͒ contained within each composite diagram shown in Figs. 3-5. Note that part i of Fig. 5 is the only three-body H C term appearing in the ͑0,1͒ sector FS gB-WCCSD scheme. As most sophisticated codes do not compute such terms we have written it out explicitly. -extensivity of (0,1) and (1,0) 
͑59͒
and the same kind of cancellation of disconnected terms results as was seen for the S 1 -amplitude equation. The sizeextensivity proof for the ͑1,0͒ sector amplitudes is analogous.
III. CONCLUSION
New FS BWCC and gBWCC theories have been developed to deal with the intruder state problem. Single reference gBWCCSD effective Hamiltonian and amplitude equations are derived for the ͑0,1͒ and ͑1,0͒ sectors of Fock space. However, many interesting chemical problems are multireference in nature. The most important feature of multireference BWCC Hilbert-space theories, besides the lack of intruder states, is the ability to exploit a large dimension model space (dim M ø ӷ2). The FS BW and gBW Bloch equations derived in this study are general enough that large dimension multireference and higher sector generalizations should be relatively straightforward. Such generalizations and comparisons to Hilbert-space BWCC are the subject of research in progress.
